ABSTRACT Histone mRNA was partially purified from mouse myeloma cells synchronized in S phase by isoleucine starvation. A cDNA was prepared that contained sequences complementary to all five mouse histone genes. This cDNA was used to screen a library of mouse DNA in A phage. The positive clones were screened by hybridization with sea urchin histone gene-specific probes to identify those clones that contained histone genes. Confirmation of this identification was obtained by hybridization with Drosophila histone genes. Two independent clusters of histone genes were isolated. One, MM531, contains regions hybridizing specifically to H3, H4, and HI and the other, MM221, contains two regions hybridizing specifically to H3 and single regions complementary to H4, H2b, and H2a. They are not part of a simple repeating structure. The nucleotide sequence of the coding region of the H3 gene in MM531 has been determined. This gene could code for a variant H3 protein that has several amino acid substitutions not reported in other H3 proteins.
Histones, the basic structural chromosomal proteins, have been highly conserved during evolution (1) . There are five major classes ofhistone proteins, H1, and the core histones, H3, H2a, H2b, and H4, and all are coordinately synthesized during S phase of the mammalian cell cycle (2) (3) (4) (5) . The core histones are synthesized in equimolar amounts. Each of the five major histone classes is made up of several different histone proteins, which vary in only a few amino acids. At least nine different nucleosomal core histones (three H3s, two H2as, three H2bs, and one H4) have been identified, as well as several different Hls (6, 7) . In addition, Stein and coworkers (8) have reported that there are two distinct H4 mRNAs capable ofcoding for H4 histones. Thus, in mammals, there is a minimum of 10 different nucleosomal histone genes.
The histone gene organization of three lower eukaryotesyeast, Drosophila, and sea urchin-is known. All three organisms differ in their histone gene organization. In yeast, the nucleosomal histone genes H2a and H2b are tightly linked. They are on opposite strands with their origins oftranscription closely apposed (9, 10) . The H3 and H4 genes are similarly paired.
However, they are not linked to the H2a-H2b pair (M. M. Smith, personal communication). There are two unlinked H3-H4 pairs and H2a-H2b pairs. In Drosophila, the five histone genes are linked in clusters. The Drosophila histone clusters are found in either a 4.75-or a 5-kilobase (kb) repeat (11) . Within each repeat, the H2a and H2b genes are closely linked and coded for on opposite DNA strands, similar to yeast, as are the H3 and H4 genes. The HIhistone gene is also found in the same cluster, separated from the H2a-H2b and H3-H4 pairs. In the sea urchin, the histone genes expressed during early development are organized into repeats ofthe five histone genes linked in clusters. All five histone genes are coded for on the same DNA strand and exist in an =7-kb repeat that varies among the species studied (12, 13 Histone Gene-Specific Probes. Histone gene-specific probes were constructed from the plasmids pSplO2 and pSpll7 containing the histone genes of the sea urchin, Strongylocentrotus purpuratus (12, 18) . Histone gene-specific fragments were prepared by digestion with EcoRI and Hha I and-by'preparative agarose gel electrophoresis (22) . All fragments. were radiolabeled by nick translation (23) to a specific activity of 1-5 x 107 cpm/,ug. We also used four subclones of pSplO2 and pSpll7 that contained only coding sequences (12, 21 (18)]. pRC9 has been described by Cohn et al. (12) . The locations from which the other subclones, p3H-1, pH2b-3, and PH1-3, were derived are shown (21 sequences was prepared from mouse myeloma cells synchronized by isoleucine starvation. Polyribosomes were prepared from S-phase cells, and RNA was isolated. Histone mRNA was selected by sucrose gradient centrifugation, oligo(dT)-cellulose chromatography to remove poly(A)RNA, gel filtration on Sephadex G-100 to remove residual 5S RNA and tRNA and, finally, a second sucrose gradient centrifugation. The peak fractions from this gradient were translated in a wheat germ cell-free system. The 7-9S RNA translated into the four nucleosomal histones, and the larger RNA fraction, 9-15S, translated into all five histone classes ( Fig. 2A) . Further analysis of the 9-15S RNA translation products on a Triton/acid/urea gel -showed all of the histone variants reported -by Franklin and Zweidler (6) (Fig. 2B ). The identity ofeach band was confirmed by gel elec-'trophoresis in a second dimension on a 18% NaDodSO4/polyacrylamide gel (data not shown). The RNA preparation containing all five histone classes of mRNA was used to make complementary DNA by using a random primer as described by Taylor et aL (16) . Surprisingly less than 10% of the cDNA reacted with 18S or 28S rRNA. An unexpected major contaminant of the probe (30%) was sequences complementary to mitochondrial ribosomal RNA (unpublished results). The mitoSelection of Histone Genes. A random mouse library constructed from BALB/C mouse sperm DNA by the method of Maniatis et al. (22) was a gift of Mark Davis and Lee Hood; 70,000 plaques were screened by the procedure of Benton and Davis (23), using mouse cDNA. Hybridization was in 0.75 M NaCV0.075 M sodium citrate, pH 7/0.5% NaDodSOJ0.001 M EDTA/0.08% polyvinylpyrrolidone/0.08% Ficoll/0.08% bovine serum albumin containing Escherichia coli DNA (100 ,ug/ml) and mouse mitochondrial DNA (1 jig/ml) (24) at 680C for 16 hr.
DNA was prepared (25) from 40 plaque-purified phage, digested with EcoRI, and analyzed by the method of Southern (26) using the sea urchin probes. Two positive clones, MM531 and MM221, were selected for further study.
The restriction map ofeach recombinant phage was deduced by digestion with EcoRI, BamHI, Sal I, Xba I, and HindIII and combinations thereofusing known sites in Charon 4A DNA (27) and probing with gene-specific probes. The maps presented are accurate to ±0.5 kb.
Sequence Determination ofthe H3 Gene from MM531. The 2.5-kb EcoRI/HindIII fragment containing the H3 gene was cloned into pBR 322 (28) and named pMH3-6 (see Fig. 4 (31) (lane A) and on 12% polyacrylamide/6 mM Triton-X100/2.5 M urea gels (32) (lane B). The gels were processed for fluorography (33) and exposed to x-ray film. The histones were identified by comparison with the stained gel. The numbers at the bottoms of the gels indicate the S value of the poly(A) RNA used for translation. W.G., translation product of endogenous wheat germ mRNA.
-chondrial sequences were effectively removed by hybridization in the presence of excess purified mitochondrial DNA. That the cDNA contains sequences complementary to histone mRNA was shown by hybridization to purified sea urchin histone genes. Plasmids pSpiO2 and pSpl17 were digested with EcoRI or EcoRI/Hha I (Fig. 1) to release fragments containing individual sea urchin histone genes. Hybridization to all five sea urchin histone gene-containing fragments is seen in Fig. 3 .
Selection and Mapping of the Mouse Histone Genes. The cDNA containing mouse histone sequences was used to screen a random genomic library of BALB/C mouse sperm DNA cloned into A phage (a gift of M. Davis and L. Hood); 70,000 phage were screened, and 40 phage that gave positive hybridization to the histone cDNA probe were plaque purified. Minilysates were made to these positive clones, and the phage DNA was then digested with EcoRI. The DNA fragments were separated by agarose gel electrophoresis, transferred to nitrocellulose, and hybridized with nick-translated sea urchin gene probes (EcoRI and Hha I fragments ofpSpiO2 and pSpii7; see Methods and Fig. 1 6 fragment A (H2a, H2b, and part of HI) hybridizes to the H2b gene on the 5.6-kb fragment but not to the 1.1-kb fragment containing H2a (lane 11). Taken together, these results suggest that these are histone genes that have sequence homology to Drosophila and sea urchin histone genes and not artifacts hybridizing to nonhistone flanking sequences. Because of the position of the H3 genes in MM221, it appears that this clone is not part ofa simple repeating unit. There is no similarity evident between MM531 and MM221, and they do not represent overlapping fragments in the genome.
Sequence Analysis of an H3 Gene. Formal identification of these as histone genes comes from DNA sequence analysis. The 2.5-kb EcoRI/HindIll fragment from MM531 containing histone H3 was subcloned into pBR322 (Fig. 4A) . The sea urchin H3 gene hybridized with the two central Bgl II fragments, A and C. The DNA sequence of these two fragments was determined by starting at their junction. The sequence of the coding region of this H3 gene is shown in Fig. 6 . This sequence is consistent with this gene being a mouse H3 gene. However, there are several more amino acid substitutions than expected when compared with the major calf H3 histone sequence (see below). Three of these substitutions are the same as those of a H3.3 variant reported previously that has isoleucine at position 88, glycine at position 89, and serine at position 95 (6). It is interesting to note that all ofthe amino acid changes could have been brought about by a single base change from the primary calf H3. 1 sequence. There is a start and stop codon in this gene, but whether or not it is a functional gene is not yet known. The coding sequence is continuous, and there are no intervening sequences.
DISCUSSION
Histone genes code for a coordinately regulated group of structural proteins. Equimolar amounts of the four core histone classes are incorporated into the chromosome of higher eukaryotes. Complicating this coordinate control is the number of histone variants, which imply a variety of different histone genes. The histone genes previously isolated from the sea urchin are a repeated gene cluster active early in development (34) . During early development, the sea urchin predominately synthesizes only one type of each class of histone. This cluster of repeated early developmental genes may represent a special case because there is an extraordinary demand for histone mRNA synthesis during early development. The genes for histones expressed during other sea urchin developmental stages have not yet been isolated. Similarly, the repeated histone gene cluster in Drosophila may represent a special case of a group of genes for which there is a high demand during early development. These genes are also active in early development (35) . DNA of MM531, nor did the sea urchin H2b and H2a genes. There was however, hybridization of the cDNA to the region between the H3 and H4 gene (unpublished results).
The two clusters of mouse histone genes reported here are not part of a simple repeating unit. This is clear from the restriction map ofMM221, which contains two H3 genes arranged with an H2b and an H4 gene between them and an H2a gene on the other side of one. Clone MM531 has a single H3 gene separated by 9 kb from a H4 gene, which is adjacent to a putative H1 gene. The restriction map of the flanking sequences of the H3 genes are not similar, implying independent, possibly nonidentical genes.
In addition, the H3 genes in MM221 show greater homology to the sea urchin genes than the H3 gene in MM531, based on intensity of hybridization with the sea urchin probe. Similarly, the H4 genes are obviously different. We have not been successful in detecting any histone gene repeat by using the cDNA probe on Southern blots ofmouse genomic DNA. We did obtain a 15-kb repeat similar to that reported by Crawford et al (33) for chicken histone genes but it proved to be due to contami- I nating mouse mitochondrial DNA (unpublished results). It should also be noted that, given the estimated number ofcopies ofhistone genes (10-20) (36) and the known number ofvariants, there is little room left for extensive repetition of the mouse histone genes. We therefore feel that the mouse histone genes are not organized into a simple repeating unit; rather, the genes, although linked, are most likely present in a diverse pattern. Three H3 proteins have been described that are expressed in BALB/c myeloma cells (6, 18) . Our data show that the H3 gene present in clone MM531 is not one of these three H3 proteins. This protein does have three amino acid changes present in the H3.3 variant described by Franklin and Zweidler (6) . However, it has a number of further substitutions that are not present in the H3.3 variant. In particular, it does not have a methionine at position 120, it is lacking an amino acid, and it has an overall loss offour positive charges. All ofthese changes would considerably alter the structure ofthis protein compared with other H3 proteins.
A striking change is at the COOH-terminal end of the protein, where there is a loss of three offour arginines, effectively destroying one of the proposed DNA binding sites. If this H3 gene does code for a protein that can be incorporated into the nucleosome, it might alter the functional aspects of that region of chromatin.
It is clear that there must be other histone genes present in the mouse genome that have yet to be isolated. The genes described here will allow us to define further the structure of the histone genes, as well as the structure and number of histone mRNAs and the nature of their primary transcript.
